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To estimate potential risks of groundwater contamination, national and international environmental legislation stipulates standard values referred to pollutant contents in the soil and more rarely referred to loads in the soil leachate. Although in situ soil leachate analysis yields more realistic drainage water quality estimates than soil contamination level-derived estimates, there is no existing standard for how to explicitly sample soil leachate for the required contaminant migration detection. The objective of this study was to overcome current limitations of soil seepage sampling for detecting a contaminant migration in the unsaturated zone by introducing a technical solution that automatically restricts soil water extraction to drainage periods using active devices such as suction cups. Sampling is triggered by a moisture threshold parameterized according to the respective soil water retention properties defining the onset of a drainage period. We tested our sampling approach on two different bioretention systems in Germany for stormwater drainage quality analysis out of the upper soil layer. We present the monitoring results of the 4-mo testing phase containing 19 individual storm events illustrating the fundamental functioning of the in situ soil leachate sampling system under different climatic conditions. The results clearly demonstrate the feasibility of restricting soil water extraction to drainage periods by means of actual soil moisture measures and indicate a general transferability of our approach. Our approach is easily duplicable, based on the included technical description, for further studies requiring explicit soil leachate sampling and is likely to help improve the reliability of field-monitored pollutant migration from contaminated sites.
Abbreviations: GSM, Global System for Mobile Communication; SMS, Short Message Service; TOC, total organic carbon.
Soils can be contaminated with diverse pollutants from various human activities (Bradl, 2004; Cheng, 2003; Science Communication Unit, 2013; Wilcke, 2000; Wong et al., 2006) . The contaminants vary in their tendency of being evaporated into the air, biodegraded, bound to the soil, or leached out of the soil matrix by infiltration water (Pitt et al., 1999) . The latter may lead to high pollutant concentrations in the soil solution, which in turn could result in contamination of receiving water bodies (Holt, 2000; Lapworth et al., 2012; Nielsen et al., 1986; Pitt et al., 1999) , with all its harmful effects for the environment and human beings (Carlon, 2007; Science Communication Unit, 2013) .
To assess the leaching potential for the soil-groundwater transfer pathways, many guidelines and regulations stipulate screening values only referred to pollutant contents in soils (Carlon, 2007) and more rarely referred to pollutant concentrations in the soil leachate when entering the capillary fringe, such as the Federal Soil Protection and Contaminated Sites Ordinance of Germany (Bundes-Bodenschutz-und Altlastenverordnung, 1999) . However, sampling soil leachate for monitoring purposes directly from the capillary fringe is often limited because the groundwater table might be situated too deep or might vary temporally or because the monitoring is time consuming and expensive. Therefore, soil water sampling from the capillary fringe is usually substituted by diverse laboratory test methods (e.g., extraction protocols) for assessing the potential risk of a groundwater contamination (Carlon, 2007; Fang et al., 2017; Kumpiene et al., 2017) . In addition, the Core Ideas • The monitoring system synchronizes soil water extraction with real drainage periods. • It is remote controllable and has SMS notification in case of automated sampling initiation. • It is easy to duplicate using commonly available measuring equipment. • The system can monitor field soil solute fluxes, such as contaminant migration.
p. 2 of 8 application of exposure modeling is often used to predict a potential pollutant transport through the soil into the groundwater (Nimmer et al., 2010; USEPA, 1996; Zhang et al., 2016; Zia et al., 2018; Zimmermann et al., 2005) . Drawbacks of both methods are that laboratory tests often do not represent field conditions adequately and that laboratory data, instead of field data, are used for model parameterization, which makes modeling results ambiguous. In situ soil leachate sampling from the upper vadose zone (i.e., the upper two meters of the pedon) over a representative period might be a compromise for this conflict regarding the risk assessment of groundwater degradation from a contaminated site. Compared with screening values, capillary fringe sampling, laboratory tests, and exposure modeling, this approach provides a method of practicable and representative data collection to reliably detect contaminant migration in the unsaturated zone.
In situ soil water sampling from the vadose zone can be grouped into active or passive sampling systems (Singh et al., 2017; Weihermüller et al., 2007) . Passive sample systems, such as pan or zero-tension lysimeters, have the drawback that zero-tension lower boundary conditions cause a small saturated zone above the lower boundary and hence influence soil water fluxes and solute concentrations (Flury et al., 1999) . Active soil sampling devices, such as suction cups, suction plates, a rhizon sampler, or a wick lysimeter need a hanging water column or a vacuum to extract soil water (Singh et al., 2017; Weihermüller et al., 2007) . All vacuumcontrolled methods could operate in continuous/discontinuous or variable pressure modes possibly regulated by soil water tension. If vacuum-controlled methods are operated continuously, soil water is sampled generically, meaning different soil water origins are not considered. Hence, the received samples represent soil water assemblages of capillary water from primary pores and or gravitational water from secondary pores with a differing chemistry due to differing resident times in the soil, also known as the "two water worlds hypothesis" or "ecohydrological separation" (Berry et al., 2017; Brooks et al., 2009; McDonnell, 2014) . Such soil water assemblages enable conclusions regarding the presence of dissolved contaminants, but their leaching risk into receiving water bodies cannot be derived directly from such samples. A possibility to ensure soil water sampling of defined pore origin would be a continuous pressure application of a fixed vacuum to restrict sampling to the desired matrix potential. However, drawbacks of this operation mode are the risk to receive composite samples of more than one infiltration event if the samples cannot be collected in short time and the fact that continuous pressure application might initiate preferential flow paths in the surrounding substrate (Singh et al., 2017; Weihermüller et al., 2007) . Moreover, Weihermüller et al. (2007) concluded that it seems difficult or maybe even impossible to derive soil water samples unbiased by the sampling procedure and stated that each sample only temporally represents the sample location. In short, a robust leaching risk assessment for contaminants based on soil water samples requires the strict consideration of initial and boundary conditions. Especially the knowledge of meteorological and soil hydrological conditions is an imperative to ensure (i) qualitative water analysis based on soil water of a defined (pore) origin, (ii) capturing concentration variations due to weather conditions, and (iii) to assess the representativeness of determined pollutant concentrations. To our best knowledge, no national or international standard protocol or guideline exists regulating in situ soil water monitoring for assessing the transfer potential for the soil leaching pathway. However, a promising approach was tested by McGuire and Lowery (1994) by coupling soil water extraction with soil moisture monitoring to coordinate sampling with drainage periods in column experiments.
The objective of this study was to overcome current limitations of soil seepage sampling for detecting contaminant migration in situ by introducing an advanced field soil water sampling system that uses active devices such as suction cups in a discontinuous operation modus. In this method, sampling is triggered by a soil moisture threshold (q ST ) to synchronize water extraction with drainage periods and to separately analyze soil leachate qualitatively as a function of the initial soil hydrological and meteorological boundary conditions (i.e., precipitation patterns and antecedent soil moisture). We tested our advanced in situ soil water sampling system on two stormwater infiltration sites with bioretention in Germany. We provide the technical construction, describe the main components used for construction, and present the sampling results for the first 19 individual stormwater events within a 4-mo test phase. Our advanced in situ soil water sampling system can be technically duplicated and is considered helpful for further studies dealing with the contamination potential along the soil-groundwater migration pathway.
Materials and Methods
The Advanced In Situ Soil Water Sampling System
The designed measurement system is comprised of four main components: (i) suction cups with vacuum controller system for soil pore water sampling, (ii) a soil moisture sensor for actual soil water state determination, (iii) a Global System for Mobile Communication (GSM) module for building a monitoring automation system, (iv) a data logger to save the monitored data, and (v) a 12 V battery for powering components (i), (ii), and (iii). The measurement components and their specifications are presented in Table 1 . Figure 1a shows a technical drawing of the soil water sampling system and the set-up of the field-installed system ( Fig.  1b and 1c) at Site BS1 (located in Berlin in the northeastern part of Germany, urban setting) ( Table 2) . A description of the set-up and functioning of the developed monitoring system follows.
A key component is the soil moisture sensor monitoring the soil water status of the pedon at the same depth the suction cups are installed ( Fig. 1a , Point 1), in our case at a depth of 25 to 30 cm. The moisture signal is measured constantly, and the sensor is connected to the Analog Digital Converter input channel of the GSM module ( Fig. 1a , Point 2). The GSM module is configured with an individual millivolt threshold for the soil moisture (q ST ) of the respective bioretention soil, which was determined via retention data (see below and Table 2 ). We set q ST according to the laboratory-derived moisture value at field capacity (soil tension of -6.3 kPa) plus an individual offset to incorporate the measurement errors of the frequency domain reflectometry sensor, the GSM module, and the laboratory tests as well as site-specific conditions. If q ST is exceeded, a Short Message Service (SMS) text message alarm is sent to all given contacts. Simultaneously, the alarm output channel is activated ( Fig. 1a, Point 3) , which drives an external relay that closes the controlling circuit connected to the digital input of the vacuum controller system (Fig. 1a , Point 4). This digital input can be configured to externally activate and deactivate the vacuum circuits with a voltage signal. By default, the vacuum circuits are deactivated below an input voltage of 1 V. Only if the input voltage exceeds 4.5 V, as in the present case of a moisture alarm, the vacuum circuits are activated, and the system starts regulating the pressure. As long as the alarm output is activated, the vacuum station regulates the set vacuum value, and the suction cups will collect soil water. We configured the alarm output to remain switched on for 4 h after threshold exceedance and set the vacuum controller system to evacuate around -35 kPa for meeting the analytical requirements (i.e., water volume) of the targeted analytes.
The outputs SMS1 and SMS2 of the GSM module are used for safety measures. Both outputs can be activated or deactivated externally via a SMS command and are connected to a relay. The SMS1 output is connected as an upstream switch (Fig. 1a , Point 5) controlling the alarm circuit that activates the vacuum system. Thus, a moisture alarm can only activate the vacuum controlling unit if the SMS1 output is activated. We use this output channel as emergency stop in case of a false moisture alarm or a system malfunction or simply if soil water sampling is not desired. The SMS2 output is connected as a moisture switch upstream of the moisture Analog Digital Converter input channel (Fig. 1a, Point  6 ). This output channel is used for decoupling the moisture circuit after a moisture alarm to avoid alarm SMS duplications in case of soil moisture fluctuations around the set threshold (e.g., in case of intermitting precipitation). This external moisture signal is switched off automatically by an auto-reply app sending the respective SMS command in case of an alarm SMS receiving the addressed mobile phone.
The complete part of Fig. 1a is hosted in a distribution box (1120 by 1000 by 330 mm, length by height by width) to ensure a weatherproof, rugged, and theft-proof housing of the GSM module, vacuum controlling unit, and battery and to allow easy maintenance of the measurement infrastructure (Fig. 1b) . From the distribution box, the vacuum tube and moisture sensor cable are laid underground at a frost-resistant depth of 10 cm until the installation point of suction cups and moisture sensor. Each installation point is covered with a vertically embedded plastic pipe (inner diameter, 250 mm; see the pipes with brown cover in Fig.  1c ) protecting the suction tubes and housing the soil water collection bottles. We installed a tipping-bucket rain gauge (Kalyx, Environmental Measurements Ltd) 1 m above ground at each site next to the distribution box.
Experimental Sites
The advanced in situ soil water sampling system was developed and tested for two experimental sites in Germany, which are equipped with decentralized stormwater infiltration systems for street runoff in urban areas. Site BS1 is located in Berlin (northeastern part of Germany, urban setting; Table 2 ) and the other in the Ruhr valley of the federal state of North-Rhine-Westphalia (BS2, central-western part of Germany, suburban setting) ( Table  2 ). According to the nomenclature proposed by Woods-Ballard et al. (2007) , both sites can be classified as bioretention systems (also known as bioretention cells or areas, raingardens, biofilters, or bioswales). Both systems consist of a 10-cm topsoil layer and a 20-cm subsoil layer and have an organic matter content between 1 and 3% (w/w) (German Association for Water, Wastewater and Waste, 2005) (Fig. 2) .
Soil textural classes and the approximate saturated hydraulic conductivity (K sat ) range from sand to loamy sand and from Table 2 . Basic information on the two bioretention systems with installed measurement stations. Soil textural classes and total organic C (TOC) were determined using composite samples of the upper 20 cm of soil. Soil water retention properties and bulk densities were determined using undisturbed core samples from depths of 25 to 30 cm and are presented as mean values with SD. Saturated hydraulic conductivity (K sat ) represents in situ values determined in a previous investigation (Kluge et al., 2016) by double-ring infiltrometers. 0.43 ± 0.01 0.55 ± 0.03
Approximate K sat , m s -1 6.7 ´ 10 -5 7.0 ´ 10 -5 q ST ,# m 3 m -3 0.23 0.33 † BS1 is located in the northeastern part of Germany (urban setting); BS2 is located in the central-western part of Germany (suburban setting). ‡ According to the planning documents. § After 25 yr operation time. ¶ Volumetric soil water content at a matric potential of -6.3 kPa (laboratory standard after the German soil classification [Eckelmann et al., 2006] ). # Soil moisture threshold for sampling initiation. 6.7 ´ 10 -5 and 7.0 ´ 10 -5 m s -1 , respectively ( Table 2 ). The systems are covered with grasses and perennials and have been operated for more than 20 yr. The system BS1 is located in a residential area and receives stormwater runoff areally from the adjacent road and paved sidewalks. The system BS2 is located in a commercial area and receives stormwater runoff from a logistic truck maneuvering area via different point inflows. Mean temperature and annual cumulative precipitation are 10.2°C and 579.2 mm for BS1, respectively, and 10.7°C and 949 mm for BS2, respectively (reference period 1988 data basis: German Meteorological Service, 2019) . Table 2 gives an overview about soil parameters, drainage area types, and years of operation, and Table 3 summarizes the basic requirements for the construction of bioretention swales in Germany.
Bioretention Media Soil Sampling and Laboratory Analyses
During the field construction of each in situ soil water sampling system, composite soil samples were taken from the upper 20 cm excavated via access shaft for suction cup installation. All composite samples were sieved to 2 mm, homogenized, and oven-dried at 105°C until reaching constant weight. Soil textural classes were determined by wet sieving and sedimentation analysis according to DIN ISO 11277 (Deutsches Institut für Normung, 2002) . Total organic C (TOC) was determined following DIN ISO 10694 (Deutsches Institut für Normung, 1995) by dry combustion at 1200°C in a CNS-Analyzer (Vario EL III, Elementar Analysensysteme GmbH). Before dry combustion, each soil sample was tested for calcium carbonate by adding 10% hydrochloric acid. If calcium carbonate was detected, the respective soil sample was incinerated at 550°C for 5 h prior to the dry combustion to determine the total inorganic C content. To determine TOC, total inorganic C was subtracted from total C content. If no CaCO 3 was detected, TOC was set to total C.
For determining the soil moisture at a matric potential of -0.1 and -6.3 kPa as well as the dry bulk density, undisturbed soil core samples of 100 cm 3 were taken at a depth of 25 to 30 cm with six repetitions each. Soil retention properties were determined on the drying branch according to DIN EN ISO 11274 (Deutsches Institut für Normung, 2014) for two points on the retention curve (-0.1 and -6.3 kPa) by using suction plates. The in situ infiltration rate was determined in a former project (Kluge et al., 2016) by using double ring infiltrometer (Eijkelkamp) according to DIN 19682-7 (Deutsches Institut für Normung, 2015) .
Results and Discussion
Application of the Advanced In Situ Soil Water Sampling System
Results of the 4-mo test phase (24 Apr. 2018 -31 Aug. 2018 are presented in Fig. 3a and 3b . The bioretention systems differ significantly regarding their soil moisture dynamics due to different weather conditions. The rainfall amount at Site BS1 was 125 mm (long-term mean of same months, 249 mm; reference period 1988-2017; data basis: German Meteorological Service, 2019), whereas the rainfall amount was twice as high for Site BS2 with 243 mm (long-term mean of same months, 306 mm; reference period 1988-2017; data basis: German Meteorological Service, 2019). This cumulative rainfall corresponds to an average volume of 2056 mm infiltrated per square meter of bioretention system for Site BS1 and 4652 mm for Site BS2. According to the pronounced weather conditions, soil leachate was sampled only twice at Site BS1 due to the dry spring and summer season but was sampled 17 times at Site BS2 with a cumulative rainfall slightly below long-term mean. At Site BS1, only two storm events with 20 mm in 3 h and 51 mm in 9 h yielded enough precipitation runoff to increase soil moisture values at a depth of 30 cm above the threshold of soil water sampling initiation (q ST ) because in all other precipitation events infiltrating water was retained in the bioretention media above.
By contrast, most precipitation events at Site BS2 increased soil moisture values above the threshold of sampling initiation (q ST ) regardless of precipitation amount and intensity. In addition to climatic conditions, the main causes are the significantly higher connected drainage area and the punctual inflow conditions, both leading to high water inflow at the installation point of the moisture sensor at Site BS2. Therefore, it was necessary to Max. initial load of pollutants <Z0 soil quality standard (Jaron and Kossmann, 2003) set q ST for Site BS2 to a moisture content of 0.33 m 3 m -3 (22% higher relatively to the soil moisture at field capacity), whereas the q ST for Site BS1 was set to a moisture content of 0.23 m 3 m -3 (15% higher relatively to field capacity) to ensure a clear separation of single infiltration events based on the actual soil moisture. An example illustrating the schematic performance of the designed sampling system is given in Fig. 3c for a single nocturnal precipitation event of 8.4 mm 2 h -1 . About 100 min after precipitation started, q ST (0.33 m 3 m -3 ) is exceeded at the sampling depth of 30 cm, and the vacuum system starts regulating the given pressure of -35 kPa for the next 4 h. This extraction duration was set as default for both measurement stations because it yielded enough soil water for our analysis objectives (100-150 mL per event per suction cup; average 500 mL per event in total with five suction cup parallels per measurement point). However, the extraction duration should be adjusted individually in consideration of the soil hydraulic properties and the soil leachate volume required for analysis.
Quantitative Evidence and Limitations
The functioning of the advanced in situ soil water sampling system was successfully tested at the two sites with differing soil properties (Table 2 ) and rainfall regimes ( Fig. 3a and 3b) , indicating a general transferability of the approach.
One potential reason for the uncertainty regarding our approach is the use of only one moisture sensor. However, in our application with constructed and therefore more or less homogeneous soils, the clear correlation of precipitation input and soil moisture response demonstrates that one sensor is sufficient. If our approach is transferred to larger sampling areas, more moisture sensors might become necessary to accommodate variations in soil properties. Another alternative is to replace the moisture sensor with a tensiometer. Thus, no water retention properties must be determined because q ST can be directly set near to field capacity. However, tensiometers require periodic service and are prone to malfunction during dry conditions.
A further discussion point is the threshold defining the onset of a drainage period (q ST ). Other alternatives than field capacity include a sampling triggered by precipitation. However, in such a case the threshold for sampling initiation could not be defined ad hoc because the infiltration depth and velocity of the respective wetting front depends on the antecedent soil moisture. Hence, for each precipitation event, data pre-processing would be necessary to calculate if and when the wetting front would reach the sampling depth. Another possibility would be to calculate the delta between two consecutive moisture measures to identify drainage periods based on the actual soil water flow rate. A thorough overview of different approaches to predict infiltration is given by Assouline (2013) . Both approaches to identify drainage periods might be technically feasible but require a programmable controller unit and more technical development effort. Hence, one future-oriented modification would be to convert our approach to an open source microcontroller platform such as Arduino. This would have two main advantages: (i) Controlling and data logging would be merged to one device, with the possibility to telemeter both and a more flexible configuration of the whole system compared with user-ready components, and (ii) the project codes would be published under a Creative Commons Attribution-Share Alike (CC BY-SA 3.0) license to allow the easiest possible reconstruction and the further development of the system.
Because various definitions of field capacity exist, we choose a simple and practicable laboratory standard according to the German soil classification (Eckelmann et al., 2006) but verified the laboratory-derived values with the value soil moisture attained after a given precipitation period in spring (negligible evaporation). In our case, the field-derived values aligned the laboratory measures of field capacity. Other possibilities to define and determine field capacity are for example given by Assouline and Or (2014) . Fig. 3 . Time series of the 4-mo test phase for precipitation and soil moisture at a depth of 25 to 30 cm for (a) Site BS1 (located in the northeastern part of Germany, urban setting) and (b) for Site BS2 (located in the central-western part of Germany, suburban setting) and (c) example query for 1 d (hatched area in subplot b) of a precipitation event, soil moisture increase, and automatically applied vacuum for soil leachate extraction. The bold and orange colored sequence of all three subplots indicates moisture values exceeding q ST , the threshold defined for sampling initiation (volumetric soil water content at a matric potential of -6.3 kPa plus offset).
Another critical point is to define the ideal offset of q ST concerning field capacity. We had the trade-off between a sufficiently high offset for clear event segregation and the risk of omitting small precipitation events, as is the case for example in August at Site BS2 (Fig. 3b ). Furthermore, our testing period currently covers only the vegetation period with pronounced moisture dynamics. It is conceivable to choose a higher offset outside the vegetation period due to reduced moisture decreases after rainfall or snow events. Vice versa, a lower offset is thinkable for natural soils without runoff input. Because the threshold is key element of the introduced system, special attention should be paid to the field capacity determination regarding the accuracy and representativeness of the selected method and sample size to ensure the restriction of soil leachate sampling to drainage periods. The ideal threshold offset should be at least as high as the absolute measurement error of the moisture sensor, controller unit, and determined field capacity. In our case, we added an extra offset for Site BS2 because of the high inflow conditions. Otherwise, the sampling intervals would have exceeded our contingent of laboratory analyses and maintenance.
Currently, the application of our approach is not suitable for soils prone to preferential flow (i.e., macroporous soils and soils with strong structural heterogeneities) because the preferential flow is likely to bypass the suction cup (Grossmann and Udluft, 1991) or the soil moisture sensor and hence the flow field will not be captured. An alternative would be to use sampling devices with a larger crosssectional sampling area, such as porous suction plates (Ciglasch et al., 2005; Singh et al., 2017; Weihermüller et al., 2007) , instead of suction cups and to increase the number of soil moisture sensors.
Conclusions
The present study introduces an in situ soil water sampling approach to automatically extract soil water during drainage periods for drainage quality analysis. Soil leachate is sampled discontinuously with active devices regulated by the actual moisture. The 4-mo testing phase with 19 individual infiltration events on two different monitoring sites demonstrates good performance and indicates a general transferability of our approach to sample soil leachate in mid-latitude climates. However, to fully evaluate our approach, the application should be extended to different natural soils and outside the vegetation period. Nonetheless, our approach clearly demonstrates the feasibility of automatically restricting soil water sampling in the vadose zone to drainage periods on the basis of the actual soil moisture value. The main advantages are (i) automatic in situ soil water extraction of defined soil moisture states, (ii) ease of technically duplicating with commonly available sampling equipment components, (iii) the possibility to receive soil water samples for varying meteorological boundary conditions, (iv) minimal disturbance of the natural flow field due to the discontinuous operation mode, and (v) remote control of the sampling system using a mobile phone and SMS notification in the case if soil water is collected.
The fifth point is especially important if concentrations of easily degradable substances (e.g., dissolved organic C) or volatile contaminants (e.g., chlorinated hydrocarbons or aromatic hydrocarbons) are an objective of the investigation. Hence, our soil water sampling system is suitable to provide robust soil leachate pollutant loads, which are required for the assessment of pollution risk areas where potentially contaminated water or stormwater is infiltrated or where contaminated sites such as brownfields or landfills need to be monitored.
